Introduction

94
Oxygen is critical for life as it acts as a terminal electron acceptor in mitochondrial 95 electron transport chain, where ATP generation takes place for cellular metabolism, 96 moreover, this process leads to regeneration of NAD + from NADH which can be 97 useful for accelerating fermentation under hypoxia. The importance of oxygen is 98 documented in various cellular pathways such as haem, sterol, amino acid and lipid 99 biosynthesis (Geigenberger, 2003) . Unlike animals, plants do not possess 100 sophisticated mechanisms for delivery of oxygen hence, they experience hypoxia 101 during their development due to very low internal oxygen concentrations (Gupta et 102 al., 2009; 2014; Rolletschek et al., 2002) . Transient and severe flooding,
103
waterlogging or increased oxygen-consuming microbial activity in soils leads to 104 hypoxia and eventually anoxia (Ricard et al., 1994) . During hypoxia, cytochrome c 105 oxidase (COX) activity is ceased that leads to reduced levels of ATP. Under hypoxia,
106
plants produce during oxidation of one hexose only less than one tenth of ATP 107 produced under normoxia but the flux of fermentation can exceed the aerobic 108 metabolic rate and this acceleration leads to production of energy. In addition to 109 energy production, fermentation leads to production of ethanol and lactate (Drew, 110 1997), and may result in production of harmful levels of reactive oxygen species
111
(ROS) even at low oxygen levels due to the increased redox state (Vergara et al., 112 2012). Severe reduction in root biomass and the allocation of root metabolites to the 113 shoot was also documented (Huang et al. 1994) .
114
Plants have several strategies to cope with hypoxic stress. These include various 115 physiological, biochemical and anatomical changes (Bailey-Serres et al., 2012) .
116
Among the anatomical adaptations, internode elongation (Hattori et al., 2009), 117 petiole elongation in Arabidopsis (Mustroph et al., 2010; Colmer & Voesenek, 2009), 118 adventitious root formation (Mergemann and Sauter, 2000) ; lysigenous aerenchyma 119 formation (Abiko et al., 2012; Wany et al., 2017) , leaf gas films clinging to the surface 120 of leaves of many semi-aquatic species (Winkel et al., 2011) were reported. Several 121 metabolic changes were also reported in response to oxygen deprivation 122 (Geigenberger, 2003) . Fermentation is combined with some partial activity of the 123 TCA cycle which can help in coping hypoxia (Fox et al., 1994) . Low oxygen alters 124 gene expression, energy consumption, cellular metabolism and growth. In particular, 125 cells of aerobic organisms have evolved adaptive responses to compensate for the 126 5 | P a g e energy loss caused by oxygen deprivation (Gupta et al., 2009 (Gupta et al., , 2014 Rolletschek et 127 al., 2002; Zabalza et al., 2009) . Examples of such metabolic adaptations to hypoxia 128 include the down-regulation of storage metabolism and the shift from invertase to 129 sucrose synthase pathways of sucrose utilization (Geigenberger, 2003) .
130
Under hypoxic stress, it has been shown that plants produce high amount of nitric 131 oxide (NO), a free radical which plays a role in wide range of processes that include 132 seed germination, stomatal function, root development, cell wall elongation, 133 senescence and programed cell death (Mur et al., 2013) . In plants, NO can be 134 generated via multiple pathways, those include oxidative and reductive reactions. In (Igamberdiev and Hill, 2004; Gupta et al., 2011) . NO production from oxidative 141 pathways still needs more characterization. In contrast, the reductive pathways such 142 as the nitrate reductase (NR) pathway (Sakihama et al., 2002; Planchet et al., 2005) , 143 the mitochondrial electron transport pathway (Planchet et al., 2005; Gupta et al., 144 2011), and the plasma membrane nitrite-NO pathway (Stohr et al., 2001 ) operate in 145 response to the decrease in oxygen availability.
146
Under hypoxic conditions, nitrite reduction to ammonia is inhibited, therefore the 147 accumulated nitrite can act as a substrate for NO production. It was shown that 148 nitrite is a limiting factor for NO production (Planchet et al., 2005) . Some amount of 149 nitrite is also transported into mitochondria where the complexes III and IV of the 150 electron transport chain produce NO (Gupta et al., 2005) which is then scavenged by 151 the cytosolic non-symbiotic haemoglobins (nHb1) via operation of haemoglobin-nitric 152 oxide cycle. So far the function of hypoxically generated NO is attributed to oxidation 153 of NADH (Igamberdiev et al., 2006) and generation of limited amount of ATP in roots 154 and nodules (Stoimenova et al., 2007; Horchani et al., 2011) . NO is also involved in 155 prolongation of plant respiration under hypoxia (Borisjuk et al., 2007; Benamar et al., 156 2008) and reduction of ROS via induction of alternative oxidase (AOX) (Gupta et al., It was found that NO production initiates within minutes of hypoxia stress (Gupta et 159 al., 2005) 
GC-MS analysis
241
GC-MS analysis was performed as described previously (Lisec et al., 2006) . Technologies, USA). The nitrite content was determined colorimetrically at 546 nm.
264
The control reaction was carried out using 10 μM potassium nitrite solution in order
265
to check colour development with the Griess reagent (Planchet et al., 2005) . the increased levels were observed in Hb+ (Fig 8b) .Glutamate levels were also 357 higher in WT under hypoxia (Fig 8o) . Then, we checked expression levels of and nia1,2 mutant no change was observed (Fig 8d) 404
Genes involved in oxygen sensing are differentially regulated by nitric oxide
405
Recently it was demonstrated that group VII ERF transcription factors which are 406 involved in hypoxia survival are responsible for induction of genes involved in 407 fermentative metabolism (Gibbs et al., 2011 , Licausi et al., 2011 . In order to 408 correlate the increased expression of fermentative genes and ADH activity (Fig 3   409 B,C,D), we checked the expression of these transcription factors and other genes 410 involved in oxygen sensing in WT, Hb+, nia1,2, ate1-2, prt6-5 backgrounds (Fig 4) . WT was observed (Fig 6C) . Important metabolites such as ascorbate and 483 dehydroascorbate exhibited increased levels under hypoxia in WT (Fig 8m&n) . fold in nia1,2 under hypoxia as compared to normoxia (Fig 7A) .The increased 500 expression of AOX1A could be due to increased citrate levels (Fig 7h) by NO can affect glutamine production positively (Fig 2B & Fig 8a) . suggests active utilization of 2-OG in low oxygen conditions (Fig 8b) . Previously, it aminotransferase plays a role in GABA pathway which is known to regulate pH 563 under hypoxia (Reid et al., 1985) . Our results demonstrate that under hypoxia,
564
AlaAT1 and alanine levels (Fig 2C & 8c) are increased in WT, whereas no induction 565 was observed in nia1,2 mutant.
566
Under normoxic conditions, most of the ATP is generated via oxidative to induce this gene.PK induction also correlated with pyruvate levels (Fig 8d) .
585
LACTATE DEHYDROGENASE (LDH) that plays an important role in fermentation 586 has higher expression under hypoxia in WT, again pressing the importance of NO in 587 fermentation. Lactate levels also increased under hypoxia in WT and reduced levels 588 were found in Hb+ and nia mutant pointing the importance of NO in regulation of 589 fermentation (Fig 8g) . PYRUVATE DECARBOXYLASE (PDC) converts pyruvate to 590 acetaldehyde which is crucial for the production of ethanol via alcohol 591 dehydrogenase (ADH) and for regeneration of NAD + in the later step. Expression 592 analysis revealed that these two genes are 2.5-and 5-fold upregulated in WT under 593 hypoxia suggesting that NO is indeed a major player in regulating fermentative 594 genes under hypoxia. A strong increase of ADH activity in WT and mild increase in
595
Hb+ and nia mutant (Fig 3F) suggests that NO modulates not only gene expression 596 but also may modulate the activity of ADH. These results clearly show that NO plays 597 a crucial role in regeneration of NAD + under hypoxia by upregulating these genes.
598
The increased expression of ADH1, LDH and PDC in WT as compared to Hb+, 599 nia1,2 under hypoxia (Fig 3) is probably mediated by the induction of group VII ERF 600 transcription factors (Hinz et al., 2010; Licausi et al., 2011) . Since NO and ROS both 601 20 | P a g e are differentially produced in WT, Hb+, nia1,2 mutant (Fig 1) be due to a differential production of NO and ROS (Fig 1B&C) . In WT an increased 616 accumulation of NO is observed, whereas in Hb+ and nia1,2 mutants the reduced 617 production of NO is seen. However, the increased production of ROS can be seen in induce AOX (Fig 7A & Fig 8h) . correlation between gene expression and metabolite levels (Fig 8) . Statistical significance between normoxia and hypoxia-24h treatments is evaluated by the analysis of variance (ANOVA) followed by different letters indicating significant difference according to Tukey HSD at p<0.01. 
